We studied chemical garden in order to investigate precipitation behavior for osmotic pressure under microwave irradiation. The salt concentration and microwave irradiation power were varied. Microwave irradiation induced release of osmotic pressure and change of precipitation pattern because polar molecules vibrate and rotate in an electromagnetic field. For example, the width of precipitation increased and the number of rapture of the membrane decreased due to the release of osmotic pressure by the irradiation. Accordingly, microwave irradiation accelerated the diffusion of ionic molecules through the membrane.
Introduction
Chemical garden for osmotic pressure forms attractive and unique tree-like patterns. The hollow tubes of basic chemical garden structure are formed when the precipitation reaction takes place at the interface between two different solutions. Precipitation from a concentrated salt solution becomes semipermeable colloidal membrane. Moreover, the growth rate pattern depends on the salt kinds and the concentration of sodium silicate (Na 2 SiO 3 ; water glass) in aqueous solution. Salt continues to dissolve into the solution inside the membrane and the higher osmic pressure causes the rupture of the membrane wall and jet fluid into the surrounding solution. This tubular fiber develops at the point. The morphological pattern is scientifically interesting because such pattern formation frequently inspires microstructural design in materials science [1] - [4] . However, the mechanism of chemical garden has not been clear because of the nonlinearity. In this study, we tried to control such complex pattern by outside fields.
Microwave irradiation may be helpful in this context. Microwave irradiation has recently been a very active research due to the many advantages of nonthermal effects such as reaction promotion, nucleation induction, and diffusion facilitated by the molecular vibration of polar molecules [5] [6] . We hypothesized that the precipitation reaction and diffusion characteristics through semipermeable membrane of chemical garden could be modulated or explained via various microwave properties. In addition, precipitation of chemical garden may suggest a new application of microwave irradiation and suitable operating conditions for highly functional inorganic materials of hollow tubes. The concentration of aqueous solution is essential for solving the diffusion and precipitation challenges of chemical garden phenomena [1] . In this study, we varied the concentration and microwave power to understand the microwave effect. We used a microwave reactor equipped with an in-situ observation system to capture the dynamic growth behavior of the tree-like pattern.
Experimental
Chemical garden behavior, which is crystal growth like a plant by release of osmotic pressure, is performed by addition of copper sulfate (CuSO 4 ) to an aqueous solution of sodium silicate (NaSiO 3 ; water glass) because copper silicates are insoluble in water and are colored.
First, grain of copper sulfate is placed on bottom of thin cell, which consists of three acryl resin layers as shown in Figure 1(a) . Thickness of center and sides of the cell, are 2 and 1 mm, respectively. The grain size is smaller than thickness of the width. Sodium silicate aqueous solution listed in Table 1 , is poured into the cell. Temperature is important factor for the precipitation. We used two different methods, microwave irradiation (MW) and conventional heating (thermostatic bath, CH) for maintaining solution temperature. We measured the pattern for two heating methods.
A. Microwave heating Figure 2 shows a tube-guide microwave reactor (Shikoku Instrumentation), which is specially designed for preventing microwave leakage and equipped with a microscope camera (Sigma Koki, Model SK-TC202USB-AT) for in-situ observation [5] - [7] . Cell containing the solution of chemical garden is placed at the center of the reactor. Direction of thin cell is parallel to the side and the pattern is captured through the side of the reactor, with the fixed microscope. Immediately after putting on the cell, microwave was irradiated for 20 min. We measured the growth rate of the pattern, which is defines as time for the growth of 3 mm length, the width and the number of ruptures through the movie. And width is measured by every 1 mm. Moreover, the rupture of membrane for 30 min is counted. Average values of six crystals for growth rate, width and the number of rup- 
Results and Discussion
CuSO 4 starts to dissolve in the aqueous solution after the seed crystals contact with the solution. Insoluble copper silicate immediately forms by a double decomposition reaction (anion metathesis reaction). This copper silicate is a semipermeable membrane. Because the ionic strength of the copper solution inside the membrane is higher than the sodium silicate solution, the osmotic pressure increases within the membrane. Water in the sodium silicate solution is drawn osmotically from outside into the membrane, in the meanwhile dissolution of seed crystal continues. Balance between the dissolution and the entry of water under osmotic pressure causes a rupture around tip of the membrane, and new membrane forms at the rupture points by the reaction of the copper cations and silicate anions. The crystals relatively grow upwards since the pressure at the bottom of the cell is higher than the pressure closer to the top. In this way, the growth continues in the cell and the shape looks like colored plants as shown in Figure 1(b) . Generally, the position and time of rupture cannot be predicted and controlled. Figure 3 shows growth rate of chemical garden with and without microwave for different concentration of sodium silicate. Solid and unfilled symbols indicate MW and CH conditions, respectively. Growth rate becomes higher when temperature is higher. However, effect of microwave irradiation, that is, the difference at the same temperature between MW and CH, is not clear. Figure 4 shows width of chemical garden with and without microwave for different sodium silicate. The width increased with the concentration because much sodium near the interface is supplied. Moreover, the width became wider when temperature becomes higher. On the other hand, microwave effect was observed for the width at the same temperature condition. It became a little wider by microwave irradiation. The diffusion of water molecule thorough the membrane is accelerated by molecular rotation of microwave irradiation [8] [9] . Accordingly, the diffusion causes the lower concentration of copper sulfate near the interface and slower release of osmotic pressure. Figure 5 shows the number of ruptures for chemical garden with and without microwave for different sodium silicate. The number of ruptures decreases by microwave irradiation. In case of MW, rupture happened only around the time after pouring the solution into the cell. It means that osmotic pressure is gradually released due to the water molecule entry into the membrane by the irradiation, and the rupture does not happen anymore after initial rupture. Particularly, condition of higher irradiation, single rupture is observed. Figure 6 show examples of microscope photos around tip of chemical garden with and without microwave. There are several characteristics between two heating methods. In case of no microwave, the membrane is formed perfectly, and the interface between two liquids is clear. Pattern by multiple ruptures is disordered like tree because jet flows of the solution are ejected. Consequently, the higher osmic pressure by dissolution of seed crystal and the lower pressure after the rupture repeat irregularly for the time and the position. Crystal grows up when osmotic pressure is over the limit values. The rupture will happen near thin wall of the membrane, which is pale colored in photos. According, border of membrane obtained as quick precipitation becomes darker.
On the other hand, behavior under the irradiation is different with conventional heating. For example, the border of straight membrane is not clear by microwave irradiation. Moreover, weak jet flow continues without closing the tip due to higher diffusion of water through the membrane. Accordingly, osmotic pressure is gradu- ally released and condition of slower precipitation is achieved due to the smaller number of the rupture. The microwave irradiation, which prevents the rupture for osmotic pressure, can modulate the molecular diffusion and manifestation of complex patterns for chemical garden. Finally, the irradiation may be a useful tool in other fine-scale, nonequilibrium self-organization processes for nonlinear precipitation.
Conclusion
In this study, the mechanism of the crystal growth for chemical garden was investigated to clarify the osmotic pressure and the diffusion problem through the membrane under microwave irradiation. Effect of microwave on the number of the ruptures for the NaSiO 3 concentration, which is the release of the osmotic pressure, is interesting. Although crystal growth rates with and without microwave irradiation at the same temperature condition are almost same, the number of ruptures under microwave irradiation becomes smaller. On the other hand, the osmotic pressure becomes gradually smaller due to the higher diffusion of water molecule by the irradiation. Although the rupture behavior is decided by the balance between water molecule entry through the membrane and dissolution of seed crystal, unstable and explosive release of the osmotic pressure was avoidable by the irradiation.
